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Caenorhabditis elegans has four members of the Six/sine oculis class of homeobox genes, ceh-32, ceh-33, ceh-34, and
ceh-35. Proteins encoded by this gene family are transcription factors sharing two conserved domains, the homeodomain
and the Six/sine oculis domain, both involved in DNA binding. ceh-32 expression was detected during embryogenesis in
hypodermal and neuronal precursor cells and later in descendants of these cells as well as in gonadal sheath cells. RNAi
inactivation studies suggest that ceh-32 plays a role in head morphogenesis, like vab-3, the C. elegans Pax-6 orthologue.
ceh-32 and vab-3 are coexpressed in head hypodermal cells and ceh-32 mRNA levels are reduced in vab-3 mutants.
Moreover, ectopic expression of VAB-3 in transgenic worms is able to induce ceh-32 ectopically. In addition, we
demonstrate that VAB-3 is able to bind directly to the ceh-32 upstream regulatory region in vitro and to activate reporter
gene transcription in a yeast one-hybrid system. Our results suggest that VAB-3 acts upstream of ceh-32 during head
morphogenesis and directly induces ceh-32. Thus, ceh-32 appears to be the first target gene of VAB-3 identified so
ar. © 2001 Academic Press
Key Words: ceh-32; homeobox gene; Six/so class; Caenorhabditis elegans; head morphogenesis; vab-3; Pax-6.INTRODUCTION
Six/sine oculis (Six/so) class genes have been identified in
many species: human, mouse, chicken, frog, fish, shark,
lamprey, fly, and planarian (for a review, see Kawakami et
l., 2000; Pineda et al., 2000). In the nematode Caenorhab-
itis elegans, the genome-sequencing project revealed four
enes of the Six/sine oculis family: ceh-32, ceh-33, ceh-34,
nd ceh-35, all located on chromosome V (The C. elegans
Sequencing Consortium, 1998; Ruvkun and Hobert, 1998).
The SIX/SO proteins are transcription factors characterized
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All rights of reproduction in any form reserved.by the presence of two conserved regions, a homeodomain,
which is very divergent from the typical Antennapedia type
homeodomains, and a Six/so domain (Oliver et al., 1995;
Bu¨rglin, 1995). Both of these domains are required for
specific DNA binding (Kawakami et al., 1996; Harris et al.,
2000). In addition, the Six/so domain has been shown to be
important for protein–protein interactions: The Drosophila
proteins SINE OCULIS (SO) and EYES ABSENT (EYA), both
required for eye development, interact in yeast and in vitro
through the Six/so domain of SO and an evolutionary
conserved domain in EYA (Pignoni et al., 1997); murine SIX
(except SIX3) and EYA proteins have also been shown to
specifically interact through their homologous conserved
domains (Heanue et al., 1999; Ohto et al., 1999). Molecular
phylogenetic analysis based on the amino acid sequence
similarities of the conserved homeodomains and Six/so
domains suggests that the Six/so class can be classified into
three major subgroups: Six1/2, Six3/6, and Six4/5 (Seo et al.,
1999; Seimiya and Gehring, 2000; Pineda et al., 2000). Based
on expression patterns and data from overexpression experi-
ments, the Six3/6 family of genes have been implicated in
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290 Dozier et al.the development of the forebrain and eye-related structures
in vertebrate, whereas genes from the Six1/2 and Six4/5
families seem to be implicated in the control of myogenesis
(for a review, see Kawakami et al., 2000). The regulatory
etwork required for eye formation is conserved across
pecies from invertebrates to vertebrates and is also used in
ertebrate myogenesis (Heanue et al., 1999). This regula-
ory networks includes, among other things, a Pax gene
Pax-6 in the case of eye development and Pax-3 in the case
f vertebrate muscle development) and a Six/so gene (so and
ix3 in the case of eye development and Six1 in the case of
ertebrate muscle development) (Heanue et al., 1999; for a
eview, see Relaix and Buckingham, 1999). In Drosophila,
xpression of so in the eye disc requires eyeless (ey), a Pax-6
omologue (Halder et al., 1998). EY directly binds to the
ye-specific enhancer in the so gene and activates its
ranscription (Niimi et al., 1999).
In C. elegans, nothing is known about the role of the four
enes of the Six/so class. Here, we characterize the expres-
ion and function of ceh-32. The expression of ceh-32
begins during embryogenesis in the hypodermal and neuro-
nal precursor cells of the head. Upon hatching, CEH-32/
ceh-32 is expressed in head hypodermal cells and neurons as
well as in gonadal sheath cells. RNAi experiments show
that ceh-32 is involved in head morphogenesis, like vab-3,
the Pax-6 homologue in C. elegans (Chisholm and Horvitz,
1995). We demonstrate that ceh-32 is coexpressed with
vab-3 in hypodermal cells of the head and that the level of
ceh-32 is reduced in the vab-3(e648) mutant. In addition,
we show that ectopic expression of VAB-3 induces ectopic
expression of ceh-32 and that VAB-3 is able to bind directly
to the ceh-32 upstream regulatory region in vitro and
ctivates reporter gene transcription in a yeast one-hybrid
ystem. Taken together, these results suggest that, during
ead morphogenesis, vab-3 acts upstream of ceh-32 and
irectly induces its expression in the head hypodermal
ells.
MATERIALS AND METHODS
Cloning of ceh-32 cDNAs
The 59 and 39 ends of cDNAs were amplified from a C. elegans
embryonic cDNA library (kindly provided by P. Okkema, Univer-
sity of Illinois at Chicago) by polymerase chain reaction (PCR)
using vector-specific primers and ceh-32-specific primers (se-
quences available upon request) designed according to genomic
data available from the C. elegans sequencing project. These
DNAs were cloned into the pCR 2.1 vector (Invitrogen) and
equenced by the chain-termination reaction. A full-length cDNA
as obtained by joining cDNAs from the 39 end with cDNAs from
he 59 end. No difference was found between the sequence of the
ctual cDNA clone and the ORF predicted by the C. elegans
enome project (W05E10.3). The Accession No. for the nucleotide
equence data reported in this paper is AF325178.
Copyright © 2001 by Academic Press. All rightReporter Genes, Strains, and Transgenic Lines
The plasmids pceh-32::gfp and pceh-32::lacZ were constructed
by ligating ceh-32 genomic sequences, including 3.8 kb of upstream
equences and the full-length open reading frame in frame into the
fp vector pPD95.75 or the lacZ vector pPD95.07 (from A. Fire,
arnegie Institute of Washington) at the PstI and SmaI sites. To
llow the cloning of the ceh-32 genomic sequences, SmaI and PstI
ites were engineered in place of the ceh-32 stop codon and at the
9 end of the ceh-32 sequences, respectively (details of cloning are
vailable upon request). The strains used in this study are C.
legans Bristol strain (N2), CB648 [vab-3 (e648)], JK1277 [lag-2
q420)], and CB1467 [him-5 (el467)]. The reporter constructs
ceh-32::gfp and pceh-32::lacZ were coinjected into JK1277 [lag-2
q420)] and N2 worms, respectively, with rol-6(su1006) marker
RF4 according to Mello et al. (1991). UV irradiation was used to
romote integration. Is[ceh-32::gfp] lines were back-crossed twice
o CB1467 [him-5 (el467)] and then once to wild-type N2 animals
nd selected for wild-type background. Is[ceh-32::lacZ] lines were
ack-crossed twice to CB1467 [him-5 (el467)] and finally selected
or wild-type background.
Double-Stranded RNA Interference Assays
RNAi was carried out essentially as described by Fire et al.
(1998). A 59 ceh-32 cDNA fragment, 290 bp long (from nt 54 to nt
343 of the ceh-32 cDNA sequence in Fig. 1D), was amplified
from the embryonic cDNA library by PCR, cloned into pCR2.1
in both orientations, and used as template for transcription with
T7 RNA polymerase according to the manufacturer’s protocol
(Stratagene; RNA transcription kit). After 1 h at 37°C, the
reactions were extracted with phenol-chloroform, precipitated
with EtOH, and resuspended in water. To obtain double-
stranded (ds) RNA, sense and antisense strands were annealed by
incubating for 10 min at 68°C and for 30 min at 37°C. dsRNA
(100 ng/ml) was microinjected into the gonad syncytia of wild-
ype adult hermaphrodites. After 4 h (to clear fertilized eggs from
he uterus), injected animals were transferred to fresh plates and
llowed to lay eggs for roughly 18 h, and the resulting progeny
ere scored for phenotypes. To examine the effect of ceh-32
NAi in the gonad development, wild-type L2 hermaphrodites
ere injected with dsRNA (1 mg/ml), allowed to reach the adult
stage, and analyzed for gonadal phenotypes.
Antibody Production, Western Blot, and
Immunostainings
A 395-bp 39 fragment from ceh-32 cDNA (from nt 943 to nt 1338
in Fig. 1D), encoding 132 amino acids located at the C terminus
(underlined in Fig. 1D), was cloned in frame into the pGEX-KG
vector (Guan and Dixon, 1991). A GST-CEH-32 fusion protein was
induced in BL21(DE3) harboring pT-GroE, a plasmid coding E. coli
heat shock chaperones GroESL under the control of T7 promoter
(Yasukawa et al., 1995), purified on a glutathione–Sepharose col-
umn, and used to immunize rabbits (Pab Productions Co., Ger-
many). Anti-CEH-32 rabbit antiserum was affinity purified against
the GST-CEH-32 fusion protein. Antiserum specificity was dem-
onstrated by lack of reactivity after preincubation with the recom-
binant CEH-32 protein used for immunization.
For Western blot analysis, total protein extracts were made from
mixed stage populations. An equal volume of worm lysis buffer
(100 mM Tris, pH 6.8, 4% SDS, 200 mM dithiothreitol, 20%
s of reproduction in any form reserved.
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291The Six/so Class Homeobox ceh-32glycerol) was added to the worm pellets. The mixture was boiled for
5 min. Proteins were size-separated by SDS–PAGE and transferred
after gel electrophoresis to Immobilon-P (Millipore). The Western
blot was blocked for 1 h in 5% nonfat powdered milk in PBS-T
(phosphate-buffered saline, pH 6.8, 0.1% Tween-20) and exposed to
affinity-purified anti-CEH-32 antisera (used at 1:200) in milk PBS-T
for 1 h. The blots were then rinsed in milk PBS-T and incubated
with the secondary antibody (Dako; HRP-conjugated goat anti-
rabbit, dilution 1:1000) for 1 h. Following rinses in milk PBS-T,
antibody conjugate complexes were visualized using the ECL
detection system (Amersham).
Immunostaining of fixed preparations of C. elegans was per-
formed essentially as described by Finney and Ruvkun (1990).
Fixed worms were incubated overnight with the primary anti-
FIG. 1. Phylogenetic analysis of Six/so class genes in C. elegans
equence. (A, B) Phylogenetic analysis of Six/so class homeodom
escribed in Aspo¨ck et al. (1999). Bootstrap values (1000 trials) are s
EH-43 (a Distal-less orthologue) homeodomains were used as outg
Drosophila melanogaster; Gg, chicken; Rn, rat; Sa, Squalus acanth
(C) Genomic structure of ceh-32 with exons as boxes separated by
shown as hatched and gray boxes, respectively. Underneath is the s
and the deduced CEH-32 protein. The three possible initiator ATG
shown as hatched and gray boxes, respectively. The portion of the
The putative polyadenylation signal sequence is boxed.bodies: affinity-purified anti-CEH-32 antisera (dilution 1:200),
affinity-purified anti C-terminal C. elegans PAX-6 antibodies
Copyright © 2001 by Academic Press. All right(dilution 1:200, a gift of S. Emmons, described in Zhang et al.,
1998), or monoclonal anti-b-GAL antibodies (dilution 1:1000,
Promega). The worms were then washed several times during
the course of a day and incubated overnight with a secondary
antibody: 1:1000 dilution of DTAF-conjugated donkey anti-
rabbit IgG or Cy3-conjugated donkey anti-mouse IgG (Dianova).
Immunostained animals were washed, mounted in glycergel
(Dako) with DAPI to allow visualization of nuclei, and observed
with a Nikon FXA microscope.
RNA Extraction and Northern Analysis
Mixed stage worm populations were frozen and homogenized
with a Polytron in a mixture containing 4 M guanidine thiocya-
-32 gene structure, gpf and LacZ reporter constructs, and cDNA
(A) and Six/so domains only (B). Neighbor joining was used as
for the deeper branches. Drosophila Antennapedia and C. elegans
in (A). Species: Mm, mouse; Dr, zebrafish; Xl, Xenopus laevis; Dm,
t, Girardia tigrina; Pm, Petromyzon marinus; Ol, Oryzias latipes.
ns; exons encoding the Six/so domain and homeodomain (HD) are
ure of the gfp and lacZ reporters. (D) Sequence of the ceh-32 cDNA
ons are shown in bold. The Six/so domain and homeodomain are
32 protein against which the antibodies were raised is underlined., ceh
ains
hown
roup
ias; G
intro
truct
cod
CEH-nate, 25 mM sodium citrate, pH 7, 0.5% Sarcosyl, and 100 mM
b-mercaptoethanol. After extraction, according to Chomczynski
s of reproduction in any form reserved.
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292 Dozier et al.and Sacchi (1987), total RNA (10 mg) was electrophoresed on a
enaturing agarose/formaldehyde gel and transferred to a
ybond-N membrane (Amersham). A 59 ceh-32 cDNA fragment,
90 bp long (from nt 54 to nt 343 of the ceh-32 cDNA sequence in
Fig. 1D), or a C. elegans actin 1 cDNA fragment (377 bp) was
32
FIG. 1—P-labeled by using the Megaprime DNA labeling system (Amer-
sham) and used as probes. w
Copyright © 2001 by Academic Press. All rightEctopic VAB-3 Expression Directed by Heat Shock
A full-length vab-3 cDNA was PCR amplified from the embry-
nic cDNA library, sequenced, and cloned into the pPD49.78, a
lasmid containing the hsp 16-2 promoter (Mello and Fire, 1996).
he construct hsp::vab-3 or the empty vector pPD49.78 (as control)
tinuedas coinjected with a marker plasmid, pCV01, which contains the
s of reproduction in any form reserved.
FIG. 2. Expression analysis of ceh-32. (A–J) Embryonic expression of ceh-32. (B, D, F, H) Fluorescence micrographs of transgenic embryos
carrying the ceh-32::gfp/rol-6 array. (A, C, E, G) Corresponding differential interference contrast (DIC, Nomarski) pictures. (A, B)
Gastrulation stage (100-min-old embryo); (C, D) comma stage; (E, F) 1.5-fold stage; (G, H) 2-fold stage. Head hypodermal and neuronal cell
precursors are expressing ceh-32::gfp. (J) Immunofluorescence staining of a wild-type 3-fold stage embryo with antibodies against CEH-32.
CEH-32 expression was detected in head hypodermal and neuronal cells. (I) Corresponding DIC picture. (K–R) Expression of ceh-32 in larvae
and adult stages. (K) Immunofluorescence detection of CEH-32 in head cells of an L1 stage larva, lateral view. (L) Nuclei were visualized
with DAPI. The arrow marks the nerve ring. (M) Fluorescence micrograph showing the expression of the ceh-32::gfp reporter construct in
the somatic gonad of a transgenic L2/L3 stage, ventral view. (N) Corresponding DIC picture. Expression of ceh-32::gfp is detected in the four
sheath/spermatheca precursor cells (SS). (O) Immunofluorescence detection of CEH-32 in the posterior gonad of a L3 stage larva, lateral
view. The CEH-32-expressing sheath cells (marked by arrows) are migrating along the proximal arm of the posterior gonad. (P) Superposition
of antibody staining and DAPI nuclear staining of the same animal. (Q) Corresponding DIC picture. (R) Expression of the ceh-32::gfp reporter
construct in the posterior gonad of a transgenic adult stage, ventral view of the proximal arm. ceh-32-expressing sheath cells are indicated
by arrows. The fluorescence micrograph is superposed with the DIC picture. The yellowish color toward the top is gut autofluorescence.
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294 Dozier et al.vha-1 (vacuolar-type H1-ATPase) gene promoter fused to gfp (Oka
et al., 1997), into worms with integrated arrays of
ceh-32::lacZ/rol-6. Two strains, each carrying an extrachromo-
somal array of hsp::vab-3 and pCV01, referred as Is[ceh-32::lacZ];
Ex[hsp::vab-3], and two strains, each carrying an extrachromo-
somal array of hsp and pCV01, referred as Is[ceh-32::lacZ]; Ex[hsp],
were obtained. These strains were grown at 15°C (as control) or
heat-shocked at 33°C for 30 min and allowed to recover at 20°C for
1 h. After this heat-shock procedure was repeated three times the
Is[ceh-32::lacZ]; Ex[hsp::vab-3] and Is[ceh-32::lacZ]; Ex[hsp] worms
were stained for b-galactosidase activity (Fire, 1992).
Yeast One-Hybrid System
DNA-binding analysis using the yeast one-hybrid system was
carried out essentially as described by Mastick et al. (1995). vab-3
DNA was inserted into an activator plasmid, pBM258T (Mastick
t al., 1995), under the control of the GAL1 promoter, which is
ctivated by galactose and repressed by glucose. Genomic frag-
ents of ceh-32 covering the region from 2239500 to the stop
codon (see Fig. 1C) were inserted into the plasmid pHR307a,
upstream of an inactive minimal promoter, driving expression of
the HIS3 reporter gene (Mastick et al., 1995). VAB-3 induced by
galactose, bound to its target site, in turn induces HIS3 expression,
which allows growth on medium lacking histidine. URA3 and
FIG. 3. Head morphogenesis defects induced by ceh-32 (RNAi).
IC images of head of first larval stages (L1) in (A) wild-type worm
B) vab-3(e648) mutant, and (C) ceh-32 (RNAi).TRP3 were used for the selection of the activator and reporter
Copyright © 2001 by Academic Press. All rightconstructs, respectively. As a control, four copies of a consensus
PAX-6 paired-binding site (59-TTCACGCATGAGTTCCT-39) were
inserted into the reporter plasmid pHR307a.
Gel Shift Assays
VAB-3 protein was synthesized using a coupled in vitro transcrip-
tion translation kit (Promega) with the T7 primer and vab-3 cDNA as
template. ceh-32 genomic fragment 6a (see sequence in Fig. 7C) was
divided into three subfragments by PCR, GS1 1–218 nt, GS2 197–452
nt, and GS3 317–564 nt, which were tested for VAB-3 binding activity
by gel shift assay. Purified PCR fragments were 59 end labeled with T4
polynucleotide kinase and [g-32P]ATP. Binding reactions were carried
out in 10 ml of 10 mM Tris–HCl, pH 7.5, 75 mM NaCl, 1 mM
ithiothreitol, 5% glycerol in the presence of 1 mg of poly(dI-dC), and
incubated at room temperature for 10 min. For competition experi-
ments, a 100-fold molar excess of unlabeled subfragment or double-
stranded oligonucleotides was added with the probes. The oligonucle-
otides used in the competition experiments were PBS1 (containing the
putative binding site for the PAX-6 paired domain, underlined),
59-ATCAATTAATCACTCAGCGAGCTGTCATTG-39; PBS1* mu-
tated in the PAX-6 paired domain binding site (bold letters), 59-
TCAATTCATCGCATCGTATACGTGTCATTG, and S2, 59-
CTAATGGCAATGGGTCGGCGTGTGAGGAGCG-39. The DNA–
protein complexes were analyzed by electrophoresis on a 6%
polyacrylamide gel in 0.253 Tris–borate–EDTA at room temperature
for 2 h at 100 V, and the gel was dried for autoradiography.
RESULTS
Six/so Genes in C. elegans
A systematic analysis of the C. elegans genomic sequence
revealed four Six/so class genes (not five; Ruvkun and
Hobert, 1998), which were named ceh-32 (W05E10.3),
ceh-33 (C10G8.7), ceh-34 (C10G8.6), and ceh-35 (F56A12.1)
Ruvkun and Hobert, 1998). All are located on chromosome
, and ceh-33 and ceh-34 are adjacent to each other, the 39
nd of ceh-33 being about 3.9 kb upstream of ceh-34. Seo et
al. (1999) could not classify all genes into the three Six/so
families (i.e., Six1/2, Six3/6, and Six4/5). We analyzed the
Six/so domain and the homeodomains of Six/so class genes
separately using Neighbor joining as implemented by
TABLE 1
Phenotype Induced by ceh-32 (RNAi) on Progeny
of Injected Animals
% of inviable
worms (n)
% of L1 with head
abnormalities (n)
ceh-32 (RNAi) 55 (513) 73 (117)
Control 0 (593) 0 (107)
Note. Control: ceh-14 (RNAi) animals (Cassata et al., 2000). Each
dsRNA was injected into 8–10 adult hermaphrodites, and eggs
were collected from 4 to 22 h after injection for analysis. n refers to
the number of animals scored.
s of reproduction in any form reserved.
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295The Six/so Class Homeobox ceh-32Clustal X 1.8 (Thompson et al., 1997) (Figs. 1A and 1B).
eh-32 clearly belongs to the Six3/6 family (Seo et al., 1999;
eimiya and Gehring, 2000; Pineda et al., 2000), although
he Six/so domain seems to have diverged more rapidly
han the homeodomain (Figs. 1A and 1B). Based on the
omeodomain sequence, ceh-33 can be identified as Six1/2
amily member (Fig. 1A), which is less obvious when the
ix/so domain is examined (Fig. 1B). Conversely, ceh-34
annot be easily assigned to Six1/2 through its homeodo-
ain, but the Six/so domain shows affinities with that of
lanaria SO (Figs. 1A and 1B). Since ceh-33 and ceh-34 are
located next to each other, they most likely arose from a
single ancestral gene by duplication and have subsequently
diverged substantially, intriguingly ceh-33 more in the
Six/so domain, and ceh-34 more in the homeodomain. The
RF for ceh-35 contains an extra stretch of residues in the
omeodomain (Accession No. CAB04483), as also noted by
eo et al. (1999). This is due to an incorrect computer
rediction; we examined the genomic sequence and found a
ood splice site that results in the proper homeodomain.
owever, ceh-35 is a highly divergent Six/so gene; in fact, it
ontains one extra residue within the homeodomain, in the
oop region between helix 1 and helix 2. The best matches
y BLAST searches are with members of the Six4/5 fami-
ies, and the Six/so domain tree groups this gene also with
his family, albeit not at a significant level (Fig. 1B). Thus,
eh-35 is most likely a highly divergent member of that
amily. An independent phylogenetic analysis of the home-
domain alone by Pineda et al. (2000) led to similar classi-
cations for the four genes.
To analyze the function of these genes, we performed
T-PCR to obtain gene-specific cDNA fragments for each
ene from the 59 or 39 end to be used for RNAi. We obtained
DNAs for ceh-32, ceh-33, and ceh-35. In the meantime,
STs have become available for ceh-32 and ceh-34. Thus, it
ppears that all genes are transcribed. Further, we con-
tructed GFP reporter constructs for these genes (Cassata et
l., 1998). After a preliminary analysis, we focused on the
ene ceh-32.
ceh-32 Gene Structure
A ceh-32 cDNA clone, 1859 bp long, was isolated from a
. elegans embryonic cDNA library and sequenced. Com-
arison of the cDNA (Fig. 1D) and genomic DNA sequences
cosmid W05E10) showed that ceh-32 has five exons (Fig.
1C). The longest predicted open reading frame of the ceh-32
cDNA encodes a protein of 439 amino acids with a pre-
dicted size of 48,290 Da. The Six/so (119 amino acids) and
the homeodomain are located toward the N-terminal part.
There are three possible initiator ATG codons; the first
ATG (gaacATG) at nucleotide 22 of the cDNA is more
favorable than the other two with respect to the consensus
(A/C)A(a/c)(A/C)ATG for initiation in C. elegans. Align-
ment of the Six/so and homeodomain amino acids se-
quences of CEH-32 and other Six/so class genes shows that
ceh-32 matches well to other Six3/6 family genes, including
Copyright © 2001 by Academic Press. All righthe Drosophila gene optix (Seo et al., 1999; Seimiya and
ehring, 2000). The content of Pro-Ser-Thr (PST) in the
-terminal region of the CEH-32 protein is quite high (34%)
s in many related vertebrate Six/so proteins (Seo et al.,
998), suggesting the presence of a transactivation domain.
transactivation domain has been identified in the
-terminal part of the murine Six4 protein (Kawakami et
l., 1996). However, the N-terminal region of CEH-32,
pstream the Six/so domain also exhibits a high content of
ST (35%) like the Drosophila D-Six3 and D-Six4 proteins,
hich suggests the presence of additional transactivating
unctions (Seo et al., 1999).
ceh-32 Is Expressed in Head Hypodermal Cells, in
Head Neurons, and in the Somatic Gonad
The ceh-32 expression pattern was analyzed by using
transgenic animals bearing an integrated ceh-32::gfp re-
porter construct in which the full-length ORF of ceh-32
was fused in frame with the gfp reporter gene (Fig. 1C).
This construct also includes 3.8 kb of upstream sequence.
In addition, a specific rabbit antiserum raised against the
carboxy-terminal part of the CEH-32 protein (see Mate-
rial and Methods and Fig. 1D) was used in immunostain-
ing experiments to confirm and complete the expression
pattern. The specificity of this antibody was demon-
strated by lack of staining after preincubation with the
immunizing antigen (data not shown). The expression of
ceh-32 begins during the embryonic development, during
the gastrulation stage (in 100-min-old embryos) (Figs. 2A
and 2B), and persists until adults. Embryonic expression
of ceh-32 is detected in the anterior part of the embryos
in head hypodermal and neuronal precursor cells (Figs.
2A–2H). Upon hatching, ceh-32 is expressed in the hypo-
dermal and neuronal cells of the head (Figs. 2K and 2L) as
well as in the somatic gonad (Figs. 2M–2R). We identified
the head hypodermal nuclei expressing CEH-32 as the
nuclei of hyp3, hyp4, hyp5, and the first ventral nuclei of
hyp6 (Fig. 2K). In the head neurons, ceh-32 is found
expressed in 12 cells of the anterior ganglion, in the
sensory neurons ADL, in a pair of neurons in the dorsal
side of lateral and ventral ganglion, and in 8 neurons in
the ventral side of the lateral and ventral ganglion. We
have not identified all weakly expressing cells. In the
somatic gonad, the expression of ceh-32 begins at the
L1/L2 stage in the sheath/spermatheca (SS) precursor
cells (Figs. 2M and 2N), and this expression is maintained
during the development of the somatic gonad in the
gonadal sheath cells (Figs. 2O–2R). In the adult worm, all
the gonadal sheath cells express ceh-32. The CEH-32
protein is detected exclusively in the nuclei, as expected
for a presumed DNA binding transcription factor. Al-
though the antibody and reporter patterns coincide in a
number of key aspects, a few differences are evident.
Expression in the head hypodermal cells upon hatching is
only faintly detected with the gfp reporter construct.
Moreover, only a few neurons in the head express the
s of reproduction in any form reserved.
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296 Dozier et al.ceh-32::gfp construct, compared with the immunostain-
ng results (data not shown). These differences could
eflect that positive control elements are missing or
FIG. 4. Expression of ceh-32 in vab-3(e648) mutants. (A) North
f total RNA extracted from wild-type (N2) or vab-3(e648) mixe
ontrol) cDNAs. (B) Western blot analysis of CEH-32. Total prot
itro reticulate lysate synthesized CEH-32 protein (CEH-32) wa
ffinity-purified anti-CEH-32 serum. Control, in vitro translatio
n the lane where ceh-32 mRNA was added. Equal protein loadi
mido black. (C) Immunofluorescence detection of CEH-32 in he
ateral view. (e, f) vab-3(e648) L1 stage larva. (c, d) L2 stage larva
b, d, f, h).nactive in the reporter transgenes.
Copyright © 2001 by Academic Press. All rightceh-32 RNAi Worms Display Head Morphogenesis
Defects
Since no ceh-32 mutant is available, we performed RNA-
lot analysis of ceh-32 mRNA. Each lane was loaded with 10 mg
ge population and probed with ceh-32 and C. elegans actin 1 (as
rom wild-type (N2) or vab-3(e648) mixed stage population or in
jected to Western blot analysis. Membrane was probed with an
ate with no mRNA added. Arrow indicates the CEH-32 protein
n lanes 3 and 4 were confirmed by staining the membrane with
ells of vab-3(e648) mutants. (a, b) Wild-type (N2) L1 stage larva,
) L3 stage larva, lateral view. Nuclei were visualized with DAPIern b
d sta
ein f
s sub
n lys
ngs i
ad c
. (g, hmediated interference (RNAi) experiments to compromise
s of reproduction in any form reserved.
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297The Six/so Class Homeobox ceh-32ceh-32 gene activity and assess gene function. Young adult
ild-type hermaphrodites were injected with ceh-32
FIG. 5. Ectopic expression of VAB-3 induces ectopic expression
gene in combination with extrachromosomal arrays of the heat-sho
or were subjected to heat shock. (A–D) Animals were stained with
type expression of the lacZ reporter gene in the anterior. (B) Heat-
(C) Control L4 larva showing the normal expression of the lacZ rep
expression of the lacZ reporter gene. (E–R) Animals were stained
antiserum (K, L, O, R). (E–L) Comma stage embryos, either heat-sh
antiserum (I, J) or an anti-b-galactosidase antiserum (K, L). (E, F)
heat-shocked (P–R) or not (M–O) and subsequently stained with an
R). (M, P) DIC pictures. Labels: n, neurons; hyp, hypodermal nucledouble-strand RNA and the offspring were analyzed. RNAi a
Copyright © 2001 by Academic Press. All rightesulted in head morphogenesis defects (notched head phe-
otype) with variable penetrance, mainly observed in L1
h-32::lacZ. Animals harboring an integrated ceh-32::lacZ reporter
AB-3 expression construct either served as control (no heat shock)
for b-galactosidase activity. (A) Control embryo showing the wild
ed embryo showing ectopic expression of the lacZ reporter gene.
gene. (D) Adult worm after heat-shock treatment showing ectopic
h an anti-VAB-3 antiserum (I, J, N, Q) or an anti-b-galactosidase
(F, H, J, L) or not (E, G, I, K) and then stained with an anti-VAB-3
pictures. (G, H) DAPI nuclear staining. (M–R) L3/L4 stage larvae
-VAB-3 antiserum (N, Q) or an anti-b-galactosidase antiserum (O,
c, distal tip cells; s, sheath cells.of ce
ck V
X-gal
shock
orter
wit
ocked
DIC
antind L2 larval stage worms (Fig. 3C and Table 1). This RNAi
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298 Dozier et al.phenotype is reminiscent of the Vab phenotypes resulting
from mutations in vab-1 and vab-2, which encode the
ephrin receptor and its ligand, respectively, and vab-3 (Fig.
3B), which encodes the orthologue of the transcription
factor PAX-6 (Chisholm and Horvitz, 1995; George et al.,
1998; Chin-Sang et al., 1999). Mutations in ina-1, encoding
an integrin a subunit (Baum and Garriga, 1997) also produce
a notched-head phenotype. We also observed embryonic
and larval lethality (55% of the RNAi embryos are unable to
develop into viable adults; Table 1), probably due to the
notched-head defects as described for the other Vab pheno-
types (Chisholm and Horvitz, 1995; George et al., 1998;
Chin-Sang et al., 1999).
Since ceh-32 is expressed in the gonadal sheath cells,
NAi experiments were also performed by injecting L2
ild-type hermaphrodites to test whether ceh-32 (RNAi)
ould cause any defects in gonad development. No repro-
ucible defects were observed in the injected animals (n 5
9), although a very few gonadal defects were seen (data not
hown).
Expression of ceh-32 in the vab-3 Mutants
In Drosophila, so has been shown to be a direct target
ene of ey (the Pax-6 orthologue) during eye development
(Niimi et al., 1999). Since (1) ceh-32 is coexpressed with
vab-3 in the head hypodermal cells hyp3, hyp4, hyp5, and
the first ventral nuclei of hyp6 (Chisholm and Horvitz,
1995), and (2) ceh-32 RNAi results in head morphogenesis
defects like vab-3(Pax-6) mutants, we investigated whether
ceh-32 is part of the vab-3 regulatory pathway. We analyzed
the expression of ceh-32 in a vab-3(e648) mutant back-
ground. Northern blot analysis of total RNA from wild-type
(N2) or vab-3(e648) mixed stage worm populations showed
that the ceh-32 mRNA levels are reduced by a factor of 5 in
vab-3(e648) compared to wild type (Fig. 4A). Western blot
analysis of total protein from wild-type (N2) and vab-
(e648) mixed stage worm populations revealed the pres-
nce of a 60-kDa protein specifically recognized by the
nti-CEH-32 rabbit antiserum (Fig. 4B, lanes 3 and 4), but
ot by the anti-CEH-32 antiserum, which was preadsorbed
ith the recombinant CEH-32 protein used for immuniza-
ion (data not shown). This is the same molecular weight as
he in vitro synthesized CEH-32 protein (Fig. 4B, lane 1).
he amount of this 60-kDa protein was reduced in the
ab-3(e648) mutant (Fig. 4B, lane 4), confirming the results
btained by Northern blot. Anti-CEH-32 antiserum also
ecognized a protein of 47 kDa (Fig. 4B, lane 3), whose levels
re also reduced in vab-3(e648) (Fig. 4B, lane 4). The
identity of this protein is not known. It could be a cleavage
product of the 60-kDa protein or an alternative splicing
product, although we have not isolated any cDNA variants.
The size of the CEH-32 protein expressed in vivo and
synthesized in vitro (60 kDa) is higher than the one pre-
icted from the cDNA sequence (48.2 kDa; Fig. 1D). This is
robably due to the content of Proline (34 residues) or to t
Copyright © 2001 by Academic Press. All rightosttranslational modifications of the CEH-32 protein and
s not unusual for a nuclear protein.
The anti-CEH-32 antiserum was used to analyze the
xpression pattern of CEH-32 in vab-3(e648). We found
EH-32 expression in the SS precursor cells at the L2/L3
tage, later in gonadal sheath cells, and in neuronal and
ypodermal head cells. However, in some vab-3(e648)
orms, CEH-32 expression was not detected in some head
ypodermal cells normally expressing ceh-32 (Fig. 4C).
ltogether, these results suggest that ceh-32 is part of the
ab-3 regulatory pathway in a subset of cells and could be a
arget gene of VAB-3.
Ectopic Expression of VAB-3 Induces Ectopic
Expression of ceh-32
To determine whether ceh-32 could be a target gene of
AB-3 in hypodermal cells, we ectopically expressed VAB-3
sing a heat shock promoter in animals harboring an
ntegrated ceh-32::lacZ construct in which the full-length
RF of ceh-32 was fused in frame with the lacZ reporter
ene (Fig. 1C). The expression pattern of the ceh-32::lacZ
eporter construct was similar to the one observed with the
eh-32::gfp reporter construct: in embryos, ceh-32::lacZ is
xpressed in the anterior (Fig. 5A); in larval and adult stages,
eh-32::lacZ is expressed in neuronal cells and hypodermal
ells (faintly) of the head as well as in the somatic gonad
Fig. 5C). Heat-shock-induced VAB-3 expression resulted in
ctopic expression of ceh-32::lacZ (Figs. 5B and 5D). This
ffect was observed in approximately 10% of the embryos
Table 2). However, when ceh-32::lacZ embryos alone or
ransformed with the empty heat shock vector were heat-
hocked under the same conditions, no ectopic expression
as detected (Table 2). To confirm that the ectopic
eh-32::lacZ expression observed after heat shock coincided
ith ectopic expression of VAB-3, we performed double-
abeling immunostaining experiments using anti-VAB-3 or
nti-b-galactosidase (b-GAL) antibodies. In control non-
eat-shocked embryos, the VAB-3 protein is expressed in
TABLE 2
Ectopic VAB-3 Expression Causes Ectopic ceh-32::lacZ
Expression
Strain Lines
% ceh-32::lacZ ectopic expression (n)
2 Heat shock 1 Heat shock
Is[ceh-32::lacZ];
Ex[hsp]
1 0.2 (1738) 0 (1204)
2 0.1 6 0.14 (1603) 0 (930)
Is[ceh-32::lacZ];
Ex[hsp::vab-3]
1 0.28 6 0.25 (1033) 8.9 6 5.2 (1114)
2 0.28 6 0.25 (1715) 9.8 6 0.2 (1643)
Note. The results are the averages of three experiments with the
tandard error of the mean (SEM) indicated. n refers to the number
f embryos scored.he anterior part of the embryos (Fig. 5I) like the CEH-32-
s of reproduction in any form reserved.
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299The Six/so Class Homeobox ceh-32b-GAL fusion protein (Fig. 5K). After heat shock, the VAB-3
protein is expressed ectopically in nearly the whole embryo
(Fig. 5J) and this is accompanied by ectopic expression of the
CEH-32-b-GAL fusion protein (Fig. 5L). Similar results were
btained with larvae or adults stages (compare Figs. 5N and
Q for heat-shock-induced VAB-3 expression and Figs. 5O
nd 5R for ectopic expression of the CEH-32-b-GAL fusion
rotein resulting from the heat shock). This shows that
AB-3 is able to induce ceh-32 and that ceh-32 is a target
ene of VAB-3. However, the ectopic expression of the
EH-32-b-GAL fusion protein is not observed in all cells
xpressing ectopic VAB-3 (compare Figs. 5J and 5L and Figs.
Q and 5R), indicating that VAB-3 is not able to induce
eh-32 in all cells (see discussion).
VAB-3 Binds to the Upstream Regulatory Region
of ceh-32 and Activates Transcription in a Yeast
One-Hybrid System
The time course of induction of ceh-32 by VAB-3 in the
heat-shock experiments suggested a direct interaction.
Therefore, we tested whether VAB-3 binds directly to
regulatory regions of ceh-32 in a yeast one-hybrid system
and thereby activates transcription. For expression of the
VAB-3 protein in yeast, the vab-3 cDNA was inserted into
the yeast activator plasmid under the control of the GAL1
promoter, which is activated by galactose and repressed by
glucose. A set of reporter constructs was generated by
inserting ceh-32 genomic fragments covering the region
from 2239500 to the stop codon of ceh-32 (Fig. 1C) up-
stream of an inactive minimal promoter driving expression
of the HIS3 gene. The binding activity of VAB-3 to the
ceh-32 genomic fragments was assayed by growth of his32
yeast carrying both plasmids on medium lacking histidine
and containing galactose. As control, we tested whether
VAB-3 can activate the HIS3 gene in the reporter plasmid
via a consensus PAX-6 paired binding site (Czerny and
Busslinger, 1995). Results show that 1 out of 13 ceh-32
fragments (fragment 6) was positive in this test (Fig. 6B).
This fragment, 1465 bp long, is located 59 of the start
methionine in the upstream regulatory region (Fig. 6A). To
localize more precisely the VAB-3 binding region, this
positive fragment was subdivided into three subfragments
(6a, 6b, 6c; Fig. 6A), which were tested again by the same
method. Only subfragment 6a was positive in this test (Fig.
6B), although it was weaker than the complete fragment 6,
suggesting that the other subfragments (6b and 6c) cooper-
ate with subfragment 6a in the activation of ceh-32 by
AB-3. Subfragment 6a, 564 bp long, contains a sequence
Fig. 6C) with a good match (81% similarity) to the consen-
us binding site for the PAX-6 paired domain reported by
pstein et al. (1994) (Fig. 6D). This putative PAX-6 paired
domain binding site was identified by generating a consen-
sus from the sequences reported by Epstein et al. (1994) and
comparing this against the sequence of the fragment 6a
using the programs “Consensus” and “Fitconsensus” of the
GCG program package (Devereux et al., 1984). Computer
Copyright © 2001 by Academic Press. All rightanalysis also identified a sequence (Fig. 6C) with similarity
to the consensus PAX-6 homeodomain binding site re-
ported by Czerny and Busslinger (1995). These results
demonstrate that VAB-3 binds to the ceh-32 upstream
regulatory region and activates reporter gene transcription
in a yeast one-hybrid system.
VAB-3 Selectively Binds to the Upstream
Regulatory Region of ceh-32 in Vitro
To narrow down further the VAB-3 binding region, the
fragment 6a was subdivided into three subfragments, GS1
1–218 nt, GS2 197–452 nt, and GS3 317–564 nt (Fig. 6C),
which were tested for VAB-3 binding activity in gel shift
assays. The fragments GS2 and GS3 overlap and both
contain the putative binding site for the PAX-6 paired
domain (see Fig. 6C). In addition, GS3 also contains the
sequence with similarity to the PAX-6 homeodomain bind-
ing site (see Fig. 6C). Results show that the VAB-3 protein
was unable to bind to the GS1 probe (data not shown), but
was able to bind specifically to the probes GS2 and GS3 (Fig.
7, lane 2; since identical results were obtained for the two
probes, only the results with probe GS3 are shown). Com-
petition with unlabeled probes reveal that this binding was
specific (Fig. 7, lane 3). To investigate whether the putative
PAX-6 paired domain binding site present in the GS2 and
GS3 fragments is bound by VAB-3, a double-stranded oligo-
nucleotide corresponding to this site (named PBS1) was
used as competitor in gel shift assay. The results show that
PBS1 competed efficiently for the formation of the protein–
DNA complex (Fig. 7, lane 4). However, when the PBS1
oligonucleotide was mutated in the nucleotides conserved
with the consensus binding site for the PAX-6 paired
domain, this mutated oligonucleotide (named PBS1*) failed
to compete for the formation of the complex (Fig. 7, lane 5).
This competition was specific since an oligonucleotide
(named S2) showing only limited similarity (41%) with the
binding site for the PAX-6 paired domain also failed to
compete for the formation of the complex (Fig. 7, lane 6).
These results indicate that VAB-3 binds directly to the
PAX-6 binding site predicted in the sequence of the regula-
tory fragment of ceh-32 in vitro.
DISCUSSION
C. elegans has four Six/so class homeobox genes, which
can be classified into three families. In this paper, we
characterize expression and function of the Six3/6 member
ceh-32. It is expressed during embryogenesis in the hypo-
dermal and neuronal precursor cells of the head. Upon
hatching, it is expressed in head hypodermal cells and
neurons as well as in sheath/spermatheca precursor cells
and later in gonadal sheath cells. To address the function of
ceh-32 in vivo, we performed RNAi. Despite the expression
of ceh-32 in gonadal sheath cells, no reproducible pheno-
type was observed in the gonad of ceh-32 RNAi adult
s of reproduction in any form reserved.
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300 Dozier et al.FIG. 6. VAB-3 protein binds to the upstream regulatory region of ceh-32 and activates reporter gene transcription in a yeast one-hybrid
ystem. (A) Genomic structure of ceh-32 with exons as boxes; exons encoding the Six/so domain and homeodomain are shown as hatched
nd black boxes, respectively: The bars below represent the genomic fragments tested in the one-hybrid assay in (B). (B) Yeast one-hybrid
nalysis. VAB-3 protein expression is induced by galactose (Gal) and repressed by glucose (Glc). Genomic fragments of ceh-32 were inserted
nto the plasmid pHR307a (pHR), upstream of a inactive minimal promoter, driving expression of the HIS3 reporter gene. The binding
ctivity of VAB-3 to the ceh-32 upstream regulatory region induces HIS3 expression, which allows growth on medium lacking histidine
Gal). As control, VAB-3 activates the HIS3 gene in the reporter plasmid via a consensus PAX-6 paired binding site (PBS). No growth is
bserved with the empty vector (pHR) or without VAB-3 expression in glucose medium (Glc). (C) Nucleotide sequence of the ceh-32
enomic fragment 6a. Sequences with similarity to the consensus recognition sequence for the PAX-6 paired domain reported by Epstein
t al. (1994) (shown in D) are boxed in gray; a palindromic binding site for a PAX-6 homeodomain dimerization site is boxed.
Copyright © 2001 by Academic Press. All rights of reproduction in any form reserved.
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301The Six/so Class Homeobox ceh-32animals. Perhaps other genes function redundantly with
ceh-32 during gonadal development or RNAi does not
entirely eliminate ceh-32 gene activity. However, we were
ble to identify a notched-head phenotype, indicating that
eh-32 is implicated in head morphogenesis, consistent
ith its expression in head hypodermal cells. Another gene
nown to induce a notched-head phenotype is vab-3, which
ncodes the orthologue of the transcription factor PAX-6
Chisholm and Horvitz, 1995). VAB-3 is coexpressed with
EH-32 in the head hypodermal cells hyp3, hyp4, hyp5, and
he first ventral nuclei of hyp6. Expression of ceh-32 is
educed in a vab-3(e648) mutant background and ectopic
xpression of VAB-3 induces ectopic expression of ceh-32.
his suggests that during head morphogenesis vab-3 acts
pstream of ceh-32 and regulates its expression in head
hypodermal cells. This regulation seems to be direct, since
VAB-3 is able to bind directly to the ceh-32 upstream
regulatory region in vitro and to activate reporter gene
transcription in a yeast one-hybrid system. Within the
upstream regulatory region of ceh-32 (genomic subfragment
6a), we identified a VAB-3 binding site by gel shift assays.
This site corresponds to a putative PAX-6 paired domain
binding site predicted by computer analysis using the
consensus recognition sequence for the PAX-6 paired do-
main reported by Epstein et al. (1994). Interestingly, in the
vicinity of this site, we identified a sequence (TAAATGC-
FIG. 7. VAB-3 protein binds to the upstream regulatory region of
ceh-32 in gel shift assays. Labeled GS3 fragment was incubated
either with in vitro translation lysate alone as control (retic, lane 1)
r with in vitro synthesized VAB-3 protein (lanes 2–6) in the
bsence (lane 2) or in the presence (lanes 3–6) of 100-fold molar
xcess of indicated unlabeled competitors. PBS1, oligonucleotide
ontaining the putative binding site for the PAX-6 paired domain
dentified within the ceh-32 genomic subfragment 6a; PBS1*, PBS1
utated in the PAX-6 paired domain binding site; S2, oligonucle-
tide showing limited similarity with the consensus PAX-6 paired
omain binding site (for sequences see Material and Methods). The
rrow indicates specific protein–DNA complex.CATTA) with some similarity to the consensus PAX-6 v
Copyright © 2001 by Academic Press. All righthomeodomain binding site reported by Czerny and Bus-
slinger (1995) (TAATGGC/AATTA). In the yeast experi-
ments, the subfragment 6a was positive but weaker than
the complete fragment 6, suggesting that the other subfrag-
ments (6b and 6c) cooperate with the subfragment 6a in the
activation of ceh-32 by VAB-3. In these fragments, we
identified sequences with some similarity (ranging from 47
to 76%) with the consensus PAX-6 paired domain binding
site reported by Czerny and Busslinger (1995) (data not
shown). Although these sites are not bound directly by
VAB-3 according to the yeast experiments, they could
represent weak VAB-3 binding sites, which cooperate in the
activation of ceh-32 by VAB-3. The direct regulation of
ceh-32 by VAB-3 in the head hypodermal cells parallels the
direct regulation of so by EY during eye development in
Drosophila (Halder et al., 1998; Niimi et al., 1999).
C. elegans Pax-6 encodes two protein isoforms, one
containing the Paired domain and the homeodomain (PD
isoforms), the other containing only the homeodomain
(non-PD isoforms) (Chisholm and Horvitz, 1995; Zhang and
Emmons, 1995). Both isoforms are expressed in head hypo-
dermis (Zhang et al., 1998). The allele vab-3(e648) has a
nonsense mutation in the paired domain and thus only the
PD isoforms are affected (Chisholm and Horvitz, 1995). In
this mutant, we still see expression of CEH-32 in some
hypodermal cells, suggesting that non-PD isoforms could
also participate in the regulation of ceh-32. Consistent with
this, the allele vab-3(e1178), which has a frameshift in the
PST-rich C-terminal domain important for transcription
activation by PAX-6 proteins (Glaser et al., 1994; Tang et
al., 1998) and thus affects both PD and non-PD isoforms,
causes a stronger defect in head morphogenesis than allele
e648 (Chisholm, personal communication).
The expression pattern of ceh-32 overlaps that of vab-3
only in a subset of cells. Moreover, after heat shock, ectopic
expression of the CEH-32-b-GAL fusion protein is not seen
in all cells expressing ectopic VAB-3. This indicates that
VAB-3 is not able to induce ceh-32 in all cells. One
explanation is that VAB-3 regulates ceh-32 in combination
ith other transcription factors and/or coactivators that are
resent only in a subset of cells. A second explanation, not
utually exclusive with the previous, is that the induction
f ceh-32 by VAB-3 can be silenced by a repressor that is
acking only in a subset of cells.
The regulatory network required for eye formation is
onserved across species from invertebrates to vertebrates
for reviews, see Relaix and Buckingham, 1999; Treisman,
999). In Drosophila, this regulatory network includes the
ranscriptions factors EY and SO and the nuclear proteins
YA and DACHSHUND (DAC). These factors appear to act
n a hierarchy in which EY regulates so and eya, then SO
nd DAC are both capable of interacting with EYA to
egulate eye formation (for a review, see Treisman, 1999).
ince Pax-6 expression is never restricted to the eye, and is
lso present in species completely lacking eyes, such as sea
rchins and the nematode C. elegans (Chisholm and Hor-
itz, 1995; Czerny and Busslinger, 1995), it has been sug-
s of reproduction in any form reserved.
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in head-region specification and only later it became in-
volved in the development of eyes. Our results implicate
the Six/so class gene ceh-32 in head morphogenesis and also
suggest that it is downstream and directly regulated by the
nematode Pax-6. Interestingly, homologues of dac and eya
have been identified in C. elegans (Duncan et al., 1997;
Kozmik et al., 1999), but nothing is known about their
expression and function. It will be interesting to test
whether these two genes are also implicated in the head
patterning in C. elegans to determine, whether the combi-
nation of transcriptional regulators required for eye forma-
tion was initially employed for head-region specification.
A regulatory network including Pax-Six-Eya-Dac is also
used in vertebrate myogenesis, but has been expanded to
include gene family members that are not directly homolo-
gous (for example, Pax-3 instead of Pax-6, Six1 instead of so)
(Heanue et al., 1999; for a review, see Relaix and Bucking-
ham, 1999). The genome of C. elegans contains three other
Six/so class genes: ceh-33, ceh-34, and ceh-35. Preliminary
results from RNAi experiments suggest that ceh-33 and
ceh-35 are not implicated in head morphogenesis (data not
shown). Four other Pax genes have also been identified in C.
elegans: egl-3, which plays a role in uterine and tail devel-
opment, and K06B9.5, both of which belong to the Pax-2/
5/8 family; K07C11.1, which belongs to the Pax-1/9 family;
and F27E5.2, a member of the Pax-3/7 family (Hobert and
Ruvkun, 1999). It is tempting to speculate that, in C.
elegans, Pax/Six regulatory networks will be used not only
for head morphogenesis but in many other developmental
contexts.
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